[1] Major explosive volcanic eruptions inject gases and ash particles into the stratosphere, resulting in significant impacts on ozone and climate. Here we report on fast and sensitive in situ measurements of sulfur dioxide (SO 2 ), hydrochloric acid (HCl), and nitric acid (HNO 3 ) in an aged stratospheric plume of volcanic origin made by an ion trap chemical ionization mass spectrometer (ITCIMS) aboard the research aircraft Falcon. Other instruments on the Falcon measured reactive nitrogen (NO y ), carbon monoxide (CO), and ozone (O 3 ) as well as the aerosol composition. The plume most likely originated from the 7-8 August 2008 eruption of the Aleutian volcano Kasatochi and almost 3 months later, on 31 October 2008, was encountered by the aircraft during two missions over Europe at altitudes between 7000 and 11,600 m. Within the plume, SO 2 mixing ratios of up to 0.51 ppbv were about a factor of 10 higher than in the background stratosphere (0.02-0.055 ppbv). The molar ratios HCl/O 3 and HNO 3 /NO y tended to be elevated by up to 19%, and HNO 3 /O 3 also showed a substantial enhancement inside the plume. From our measurements we infer an upper limit of the e-folding lifetime of 62 days for SO 2 conversion in the stratosphere, indicating that approximately 25% of the volcanic SO 2 had not yet experienced OH-induced conversion to sulfuric acid. Our measurements contribute to a better understanding of the formation of volcanic aerosol and of heterogeneous reactions taking place on these particles in the lower stratosphere.
Introduction
[2] Volcanoes emit large amounts of sulfur and chlorine. Sulfur in volcanic gases released to the atmosphere is usually thought to be mostly in the form of SO 2 . Chlorine is emitted mostly as gaseous HCl and, to a smaller part, also as NaCl aerosol particles. For example, during the major explosive eruption of volcano Mount Pinatubo in 1991, the emitted masses were approximately 20 Mt SO 2 and 4.5 Mt HCl [McCormick et al., 1995] . Hence the molar emission ratio of HCl to SO 2 was about 0.4. Explosive eruptions often emplace SO 2 into the stratosphere. There volcanic SO 2 undergoes photochemical conversion to gaseous sulfuric acid (GSA) [Arnold and Bührke, 1983; Stockwell and Calvert, 1983] . The conversion mechanism was later confirmed in laboratory experiments by Arnold [1993, 1994] . In turn, GSA experiences rapid conversion to sulfuric acid particles (SAP). First measurements of sulfuric acid in stratospheric SAP have been made by Arnold et al. [1998] . SAP influence ozone and other trace gases and global climate [Solomon et al., 1998; World Meteorological Organization, 2007] . The NO x conversion to HNO 3 via SAP-catalyzed N 2 O 5 hydrolysis [Hanson and Ravishankara, 1991] has additionally an important influence on the trace gas distribution. This effect was demonstrated by the detection of a marked increase of HNO 3 in the aged stratospheric plume of the 1982 Mt El Chichón eruption at 25 to 26 km altitude [Arnold et al., 1990] . By absorption of terrestrial infrared radiation SAP induce stratospheric warming and by scattering incoming sunlight back to space they increase the planetary albedo, which leads to global cooling of the planetary surface. Downward mixing of stratospheric sulfate aerosol particles into the troposphere may also have an indirect climate effect. In the troposphere such particles may act as condensation nuclei for cloud droplets. An analogy consideration of this sulfur cooling effect of volcanic eruptions has led to the idea of climate engineering by injecting anthropogenic sulfur gases into the stratosphere [Crutzen, 2006; Caldeira and Wood, 2008] . There, these gases would undergo conversion to sulfate particles, increasing the planetary albedo and cooling climate, 1 which may offset anthropogenic greenhouse warming. However, the effects of such climate engineering are complex [Tilmes et al., 2009] and unforeseen. Adverse effects may occur.
[3] If volcanic chlorine would reach the stratosphere and undergo activation, it would at least temporarily contribute significantly to catalytic destruction of stratospheric ozone. Model studies of Tabazadeh and Turco [1993] attributed efficient scavenging of HCl of at least 99% to HCl dissolution in liquid water droplets, followed by rain out. Later, Textor et al. [2003] argued based on model simulations that efficient scavenging of HCl depends on the relative humidity in the eruption column. They found that depending on the type of eruption and the meteorological situation up to 25% of the initially emitted HCl can reach the stratosphere if incorporated into ice particles that form in the eruption column and that are lifted into the stratosphere. Depending on the fate of the ice particles, the HCl might undergo activation and may contribute to stratospheric ozone destruction. In rough agreement with later model simulations, pronounced amounts of HCl have been observed in the lower stratosphere after recent volcanic eruptions. Hunton et al. [2005] detected SO 2 , HNO 3 , and HCl in the young eruption plume (35 h) of Mt. Hekla at an altitude of 11.3 km in February 2000. They found elevated HCl levels of up to 80 ppbv above the background where SO 2 was also enhanced. The observed SO 2 /HCl of 14.3 in the UT/LS suggests little scavenging of HCl in the tropospheric eruption column [Rose et al., 2006] .
[4] Additionally, NaCl originating from crustal material or from the sea may reach the stratosphere after a major volcanic eruption [Woods et al., 1985] . In the stratosphere, NaCl may react with sulfuric acid (formed from injected SO 2 ) leading to the formation of secondary HCl and Na 2 SO 4 in the months after the eruption. Previous spectroscopic measurements made in the stratospheric eruption plume of volcano El Chichón (1982) indicated a local HCl increase of 40% [Mankin and Coffey, 1984] . This increase was attributed to the formation of secondary HCl from NaCl [Woods et al., 1985] .
[5] NaCl particles may also react with HNO 3 , NO 2 , ClNO 3 , N 2 O 5 all forming NaNO 3 and either HCl or reactive chlorine species [Michelangeli et al., 1991] . However, in contrast to sulfuric acid, nitric acid does not condense significantly at most stratospheric temperatures (T > 210 K) typical for the latitudes and season of interest.
[6] In summer 2008 several explosive volcanic eruptions took place at high northern latitudes (52 to 53°N) on islands belonging to the Aleutian chain. The eruption plumes reached the stratosphere. Mt. Okmok erupted on 12 July 2008 and injected an estimated amount of 0.2 Mt SO 2 into the atmosphere. Mt. Kasatochi erupted on 7-8 August 2008 and injected about 1.5 Mt SO 2 into the atmosphere as detected by the Ozone Monitoring Instrument (OMI) on NASA's Aura satellite [Carn et al., 2008] . Compared to Okmok, Kasatochi produced a much stronger eruption, with an SO 2 plume altitude of 12.5 ± 4 km [Karagulian et al., 2010] . However, the Kasatochi SO 2 injection was considerably smaller than the SO 2 injections of the previous major explosive eruptions of the tropical volcanoes El Chichón (10 Mt) and Pinatubo (20 Mt; the strongest explosive volcanic SO 2 injection of the 20th century). Nevertheless, Kasatochi is particularly interesting since, in contrast to El Chichón (17.3°N) and Pinatubo (15°N), it represents a high-latitude volcano eruption.
[7] The present paper reports on airborne ITCIMS measurements of SO 2 , HCl, and HNO 3 performed during the CONtrail and Cirrus ExpeRimenT (CONCERT) campaign [Voigt et al., 2010] − reagent ions have been used in combination with the airborne ITCIMS. Therefore we give here a detailed description of the SF 5 − reaction scheme used for the present employment of the ITCIMS method. In section 3 we show trace gas distributions in the volcanic plume intercepted in the lowest stratosphere. Further we discuss the chemical processing of the trace gases and their impact on ozone.
[8] A companion paper by Schmale et al. [2010] concentrates on simultaneous aerosol measurements made with an Aerosol Mass Spectrometer (AMS) on the same research aircraft FALCON during CONCERT.
Instrumentation

ITCIMS Method
[9] Our measurements in the stratospheric plume of Kasatochi took place on 31 October 2008 aboard the German research aircraft Falcon during two flights, one flight from Munich (Germany) to Shannon (Ireland) and the return flight from Shannon to Munich. The trace gases SO 2 , HCl, and HNO 3 were measured by an ITCIMS instrument, which is a CIMS instrument equipped with an ion trap mass spectrometer.
[10] The ion trap mass spectrometer was configured and extensively employed for atmospheric airborne measurements by MPIK and an MPI-K/DLR collaboration. It has previously been used in combination with O 3 − , NO 3 − , CO 3 − , and NO 3 HNO 3 − reagent ions for the detection of SO 2 , HNO 3 , HF, HCN, and gas phase sulfuric acid as well as chemiion measurements [Kiendler et al., 2000a [Kiendler et al., , 2000b Fiedler et al., 2005; Speidel et al., 2007; Fiedler et al., 2009a Fiedler et al., , 2009b Fiedler et al., , 2010 .
[11] For the present measurements, the ion trap mass spectrometer was equipped for the first time with an ion source generating SF 5 − reagent ions. This reagent ion has been used previously [e.g., Marcy et al., 2004 Marcy et al., , 2005 Popp et al., 2007] in aircraft-borne CIMS instruments equipped with linear quadrupole mass spectrometers. In addition to the reactions of HCl and HNO 3 with SF 5 − reported previously, we focus here also on the reaction with SO 2 .
[12] In our ITCIMS instrument ( Figure 1 ) the reagent ions were generated in a radioactive ( 210 Po; 20mCi) ion source through which a flow of 2 SLPM carrier gas (N 2 with 1% propane) and 4 SCCM of 600 ppmv SCF 8 in N 2 was passed. In the flow reactor (FR), the reagent ions undergo hydration leading to SF 5 − (H 2 O) n cluster ions, which serve as effective reagent ions. These react with the trace gases SO 2 , HCl, and HNO 3 via the following reactions:
The mass to charge ratio (m/z) of the major dehydrated product ions are 83 ( − may lead to F − (19) but has not been observed. Separation of the two neighboring masses 82 and 83 requires a mass analyzer with a sufficiently high mass resolution, which was for the ion trap optimized to 0.3 atomic mass units (amu) (FWHM). Unequivocal identification of the chemical nature of product ions requires fragmentation of mass selected ions, at least in laboratory tests of the ion reaction scheme. Both requirements are met by the ion trap mass spectrometer used for our measurements. All masses are monitored quasi-simultaneously; during a trapping time of approximately 200 ms, ions with 15 to 170 m/z are sampled. The automatic gain control was applied to achieve a constant ion concentration in the ion trap. The read out time after each trapping comprised approximately 100 ms. Five so-called microscans are averaged to obtain one spectrum with an overall time resolution of 1.6 s. Tuning of the ion trap was performed before the campaign and remained the same for all flights for a better comparison. The tuning procedure scans through the octupole voltages, front plate, and interoctapole lens voltages as well as the multipole radio frequency to obtain the best ion signal for a specific mass. For this campaign the tuning was optimized for the mass 55 (FHCl − ) resulting in a decreased trapping efficiency for higher masses such as the SF 5 − reagent ion.
[13] The CIMS instrument had a specifically designed permeation oven for in-flight HNO 3 -calibration deployed during the mission. It contained a nitric acid permeation standard in a glass container which was heated to 325 K and maintained at a constant pressure of 2.4 bar. The glass container was embedded in a latent heat reservoir which maintained the temperature for 45 min in case of power shortage. A calibration flow of 110 SCCM was injected through a critical orifice made of glass into the 5 SLPM sample flow at the upper part of the sampling line in front of a PFA pressure control valve. The sampling line was entirely fabricated of or covered with PFA and except for the distance from the aircraft wall to the inlet entrance kept at a pressure of 40 hPa and above a temperature of 305 K to minimize loss of nitric acid to the walls [Neuman et al., 1999] . The calibration flow was continuously pumped away and occasionally injected during the flights by closing a valve in front of the pump thus accounting for the sensitivity and wall losses under the given atmospheric conditions.
[14] SO 2 and HCl were calibrated after the flights. SO 2 calibration was performed with a bottled standard in dry nitrogen. HCl calibration was done with a permeation standard and a quantitative analysis was performed with an ion chromatograph, both standards offering 10% accuracy. clusters that cause a decrease in the primary ion signal cannot be observed in the ion trap. Ozone interferences for ozone mole fractions smaller than 500 ppbv were tested and had no influence on the measurement.
[15] The calibration factor (CF) was derived under the assumption of a quasi-first-order kinetic reaction leading to the relationship:
Here, [A] represents the trace gas mole fraction, P and E are the ion signals of the product and educt ions, and is the relative mass discrimination of the two ions originating from a mass dependent trapping efficiency of the ion trap. The calibration factor CF = T −1 k −1 t IMR −1 contains information on the ion molecule reaction time (t IMR ) which is usually around 100 ms, the rate coefficient k, the dilution and the transmission of the sampling line T. While the t IMR and k are kept constant at low water vapor content, wall effects may vary significantly therefore calibration needs to be done regularly. The calibration factors for HCl were 42 ± 6 ppbv and for SO 2 24 ± 5 ppbv .
[16] Figure 2 shows laboratory calibrations of HCl and SO 2 . Here, either HCl or SO 2 were introduced exclusively. Plotted is ln(R + 1) where R is the abundance ratio of the primary product ion (FHCl − or FSO 2 − ) and the reagent ion SF 5 − .
[17] In the stratosphere, the uncertainty in the measured SO 2 , HCl, and HNO 3 mixing ratios are estimated to be 25%, 30%, and 30%, respectively. The detection limits (1s of the background signal) are 0.018 ppbv (SO 2 , for a running mean over 10 data points), 0.022 ppbv (HCl, running mean over 20 data points), and 0.036 ppbv (HNO 3 , running mean over 20 data points). Frequent broader variations which may be attributed to electronic interferences from the aircraft affected the precision of the instrument during flights and caused a higher noise in the time sequences. Therefore we chose a running mean over 30 spectra for the HCl measurements. Our statistical analysis however is not affected since it is always based on a large number of data points and therefore should not change the averaged data.
[18] In the troposphere the measurements of SO 2 , HCl, and HNO 3 have larger uncertainties due to larger atmospheric water vapor abundance, which may cause interfering reactions and induce undesired wall effects, e.g., the attachment and detachment of sticky molecules in the sampling line.
Chemiluminescence Technique
[19] Reactive nitrogen species (NO y = NO, NO 2 , HONO, HNO 3 , HO 2 NO 2 , N 2 O 5 , PAN…) were measured aboard the Falcon using an NO y detector, which has originally been developed by Feigl et al. [1999] on aircraft. The detection principle builds on the chemiluminescence technique [Fahey et al., 1985] . During CONCERT mainly gas phase NO y and NO were measured through two backward facing inlets of the NO y instrument [Ziereis et al., 2000 [Ziereis et al., , 2004 . The NO y channel is equipped with a gold converter, where gas phase NO y is catalytically reduced to NO with CO in a gold tube heated to 300°C. Thereafter the chemiluminescence reaction of NO with O 3 in the infrared is detected with two photomultipliers. The instrumental error is 10% and the detection limit for NO and NO y is better than 1 pptv and 5 pptv. Aerosol particles with diameters <1 mm containing trace amounts of reactive nitrogen may enter the backward facing inlets of the NO y instrument [Feigl et al., 1999] . However, at warm stratospheric conditions (T > 210 K) as encountered on 31 October 2008, model simulations [Voigt et al., 2007] indicate that the aerosol contribution of HNO 3 to the NO y concentration is negligible. This is supported by the mass spectrometric aerosol composition measurement performed on board the Falcon showing that particulate nitrate was detected only in the boundary layer aerosol [Schmale et al., 2010] .
Aerosol Mass Spectrometry
[20] Particulate sulfate concentrations were measured with an Aerodyne Compact Time-of-Flight Aerosol Mass Spectrometer (AMS) coupled to a pressure controlled inlet (PCI) system by MPI-C. The specific configuration of this AMS instrument, data analysis, and results obtained during CONCERT are described in detail by Schmale et al. [2010] and therefore will only be briefly reviewed here. Particulate matter is sampled through a critical orifice in front of an aerodynamic lens system which focuses the particles into a narrow beam. The aerosol is accelerated when entering the time of flight region in the vacuum system. At the end of this chamber the particles are flash-vaporized at approximately 600°C and ionized by electron impact (70 eV) before the ions are extracted into a time-of-flight mass spectrometer. The instrument provides data on chemical composition and size distribution of submicron nonrefractory aerosol particles. For further details, see Canagaratna et al. [2007, and references therein] . Particulate sulfate data are reported in mg m −3 (STP). The detection limit for 10 s average data as reported here is 0.05 and 0.03 mg m −3 for the two flights on 31 October 2008. The quantifiable precision of the AMS associated with the inlet system is in the order of 30%. Further details on the collection efficiency and the uncertainties of the AMS measurements are discussed by Schmale et al. [2010] .
Trace Gas Measurements in the Lowest Stratosphere
Previous Kasatochi Plume Observations
[21] The objective of the two missions during the CONCERT campaign was to intrude the lower stratosphere, offering an opportunity to intercept the lower stratosphere plume of volcano Kasatochi with the research aircraft Falcon. After the Kasatochi eruption of 7-8 August 2008, the stratospheric eruption plume experienced aging and dilution. Previous to CONCERT satellite borne remote sensing instruments tracked the stratospheric SO 2 and aerosol plume until early September [Karagulian et al., 2010; Kristiansen et al., 2010] . In addition, Theys et al. [2009] reported injection and transport of BrO into the upper troposphere/lower stratosphere region retrieved from GOME 2 satellite observations. Ground-based LIDARs detected the Kasatochi SAP plume in August and September 2008. For example, ground-based LIDAR data obtained on 3 September 2008 in the Arctic, at Ny Alesund, Svalbard (Spitsbergen) indicate the presence of the plume in the lowermost stratosphere, at altitudes between about 7000 and 11,000 m [Kristiansen, 2009] . LIDAR data obtained over Germany revealed the presence of the layer before and after the measurement period [Schmale et al., 2010] . Airborne sampling of particulate sulfate, followed by analysis in the laboratory [Martinsson et al., 2009] , indicate that sulfate concentrations were elevated in the lower stratosphere as long as 4 months after the eruption.
Falcon Missions on 31 October 2008
[22] On 31 October 2008, an extended tongue-shaped region formed over Western Europe with particularly large tropopause pressures (up to 400 hPa, corresponding to tropopause heights as low as about 5000 m). The tongue-shaped feature of a stratospheric streamer indicates that Arctic stratospheric air had intruded to lower latitudes. This was an ideal situation for probing the lower stratosphere by the Falcon as it did allow probing and altitude profiling up to about 6500 m above the tropopause. Figure 3a shows the streamer along with the flight tracks of the aircraft and the corresponding tropopause pressures. The feature built up within three days prior to the measurement and extended from Scandinavia to Portugal. Also shown are the flight tracks of the two missions on 31 October 2008 with the atmospheric pressure at flight level color coded (Figure 3b ). Mission A (northern route), with take off at Oberpfaffenhofen, close to Munich (Germany), and landing at Shannon (Ireland), and mission B (return flight, southern route) traversed the tongueshaped region while cruising in the lower stratosphere, mostly at altitudes between 11,000 and 11,600 m (mission A) and between 9000 and 11,300 m (mission B).
[23] While cruising in the stratospheric air mass, two haze layers were sighted in the lower stratosphere with the bare eye and photographed by the crew aboard the Falcon (Figure 4) . The viewing direction of the photograph was approximately northeast. The blue sky above the horizon was hardly visible 
Results
ITCIMS Mass Spectra
[24] Negative ion mass spectra obtained inside the plume around 9500 m altitude (1457 UTC) and segments of that spectrum are shown in Figure 5 . Besides the dehydrated reagent ion SF 5 − (m/z 127), two major product ion species FHNO 3 − (82) and FSO 2 − (83) are present. NO 3 − appears partly as a fragment of FHNO 3 − and due to contamination from the ion source as demonstrated in our laboratory measurements. Figure 5 (bottom) shows a segment (m/z 54 to 58) of the same mass spectrum together with a background measurement during the flight. Here the HCl product ions FHCl − (m/z 55 and 57) are clearly elevated above the background. The abundance ratio of the ions 55 and 57 is 2.8, which is within the measurement errors consistent with the terrestrial abundance ratio of the corresponding chlorine atoms ( 35 Cl/ 37 Cl = 3.13). The discrepancy may be due to an additional ion species with m/z 57. Figure 6 . The vertical cross sections of the temperature (color coded) along the flight path together with the potential temperature (theta) isotherms (black line) mirrors a cut through the tongueshaped region. In the lower stratosphere, an extended layer with increased SO 2 was observed (Figure 6a ). SO 2 was almost exclusively enhanced above the background when the aircraft reached altitudes above the 2 PVU (potential vorticity unit) isosurface. Filaments of this stratospheric intrusion reached down to 5000 m above the ground, transporting stratospheric air to low altitudes. Around 1410 UTC the Falcon entered the stratosphere. Here the theta isotherms crossed the dynamical tropopause, allowing transport and mixing of tropospheric and stratospheric air. A similar transport occurred at the western side of the fold where the aircraft left the stratosphere and again the isotherms crossed the dynamical tropopause.
[26] The time sequences of SO 2 , HCl, and HNO 3 obtained by the ITCIMS instrument aboard the Falcon during the flight A and B are shown in Figure 7 . Also given are 10 s averages of the particulate sulfate concentrations, volume mixing ratios of O 3 , NO, NO y , and CO (all 1 s time resolution) measured aboard the aircraft, the flight altitude, and theta along the flight track. Ozone was measured by means of an UV absorption photometer. Using vacuum fluorescence detection, CO was measured at a 1 Hz time resolution.
[27] Gaps in the time sequence appear where calibration or background measurements were performed. The ITCIMS data are smoothed with a running mean over 10 spectra (30 spectra for HCl). The fast and broad variations in the HCl data are due to instrumental counting statistics near the detection limit.
[28] In the following paragraph flight B will be discussed in detail as the plume was most clearly observed during that flight. The aircraft cruised mostly between 9100 and 11,600 m altitude and has spent considerable time (about 1410-1625 UTC) inside a plume with increased SO 2 mole fractions and enhanced sulfate. The measured SO 2 reached peak values of up to 0.51 ppbv. Background SO 2 ranged between 0.02 and 0.055 ppbv. While HCl varied between values below the detection limit (0.044 ppbv, 2s) to 0.32 ppbv throughout the whole flight, inside the plume HCl ranged from 0.065 ppbv to 0.159 ppbv. CO varied between 38 and 52 ppbv inside the plume with an average of 45 ppbv. Ozone showed peak values of 361 ppbv with an average of 259 ppbv in the stratospheric segment. The time sequences indicate a strong correlation between the measured HCl and O 3 mole fractions. Nitric oxide was below 0.2 ppbv with the exception of pronounced spikes indicating occasional penetrations of aircraft exhaust plumes. NO y stayed between 1 and 2 ppbv in the stratosphere and is markedly enhanced during aircraft exhaust plume encounters. Nitric acid showed similar features as NO y except for the aircraft plume penetrations, which is expected as aircraft emit only very little HNO 3 .
[29] SO 2 and particulate sulfate reveal similar features during the two flights. In contrast to the broad feature of the SO 2 and particulate sulfate enhancements in the stratospheric tongue with a horizontal extension of more than 440 km, the Falcon flew through another layer with increased SO 2 (up to 0.535 ppbv) during the initial ascent from Shannon at 1340 UTC (around 7000 m altitude) which is shown in more detail in Figure 8 . Two differently composed air masses both containing increased SO 2 and particulate sulfate were observed, the lower one between 1340 and 1341 UTC with enhanced CO but O 3 below 100 ppbv, thus revealing tropospheric character. Between 1341 and 1342 UTC, an SO 2 layer with decreased CO but increased HCl (up to 0.050 ppbv) and O 3 up to 125 ppbv was penetrated, showing a stratospheric character. The stratospheric marker HCl implies that this air mass has been mixed downward from higher altitudes transporting ozone into the tropopause region. The upper tropospheric SO 2 layer may be of volcanic or anthropogenic origin.
Altitude Profiles of SO 2 , HCl, and HNO 3
[30] Figure 9 shows the altitude profiles of SO 2 , HCl, and HNO 3 along with O 3 , CO mole fractions, and the temperature measured on board the Falcon. The SO 2 layer was present at altitudes between 7000 and 11,600 m, peaking at 9000 m (0.51 ppbv). The second SO 2 -rich layer was present at lower altitudes extending between about 6400 and 7000 m altitude.
[31] Compared to SO 2 concentrations in the flight corridors over Germany and Western Europe, measured later during the campaign, SO 2 showed short-term peaks of similar magnitude (up to 6 ppbv) when intentionally chasing other aircraft and detecting the young aircraft exhaust plume. The SO 2 background values in the aircraft flight corridors in the troposphere reached 0.09 ppbv at maximum, thus air traffic can be ruled out for this broad SO 2 layer. Backward trajectories calculated with LAGRANTO [Wernli and Davies, 1997] ending up to 6 days prior to the measurement showed that the air parcels with stratospheric character resided above the tropopause (potential vorticity > 2 PVU). Therefore recent injection of SO 2 from lower altitudes can also be excluded for the broad stratospheric feature. On the basis of this combined evidence, our working hypothesis is that the stratospheric SO 2 -rich layer was of volcanic origin, most likely injected by the Kasatochi eruption on 8 August 2008. We cannot exclude additional contribution from other sources nor can a direct causality be proven, but other sources appear less plausible than our working hypothesis.
Partitioning of Volcanic Sulfur Species and Transport
[32] The lifetime of SO 2 in the stratosphere is highly uncertain and depends mainly on OH, which in turn depends on various factors, such as water vapor and ozone abundance, photolysis rates, and transport into the troposphere. We analyze the conversion of SO 2 to particulate sulfate to derive the e-folding lifetime of SO 2 in the lowermost stratosphere at high latitudes in autumn.
[33] Taking into account the horizontally inhomogeneous field of the stratospheric streamer, a more illustrative picture of the vertical trace gas distribution of SO 2 can be drawn with the data plotted against the relative position to the tropopause. To this end, the potential vorticity was derived from ECMWF analysis. Figure 10 shows the altitude profile of SO 2 , particulate sulfate, and the sulfate mole fractions relative to the total sulfur mole fraction (SO 2 + SO 4 2− ) for both flights A and B; the color code represents the ozone mole fraction. Elevated SO 2 and particulate sulfate accompanied by elevated O 3 (>150 ppbv) is found predominantly above the 2 PVU isoline. A second layer of SO 2 and particulate sulfate accompanied by O 3 below 150 ppbv is found below the dynamical tropopause revealing a more tropospheric character. The sulfur rich stratospheric layer was encountered during both flights on 31 October between 1.5 and 2.5 km above the tropopause. We observe similar features and clearly enhanced SO 2 and sulfate mixing ratios in the lower stratosphere.
[34] The ratio (SO 4 2− /(SO 2 + SO 4 2− )) reflects the fraction of sulfur that has been converted to sulfuric acid and condensed to particulate sulfate. Stratospheric background concentrations have been estimated for both species and subtracted. Maximum stratospheric sulfate background concentrations of 0.5 mg m −3 have been measured extensively shortly before the eruption [Schmale et al., 2010] . The SO 2 background mole fraction in the stratosphere has been estimated from our data and adds an uncertainty of about ±15% to the method. A background value of 0.055 ppbv has been used. The background for both species may partly be caused by injection of sulfur from the Mt. Okmok eruption in July. However, the SO 2 emission from Mt. Okmok was 10 times smaller than the Kasatochi emission and is included in our background correction of SO 2 and the sulfate mole fractions. [35] The ratio (SO 4 2− /(SO 2 + SO 4 2− )) tends to increase with increasing distance to the tropopause, possibly due to removal of sulfate by cloud processes, particularly ice cloud processes near and below the tropopause. On the other hand, mixing of tropospheric SO 2 into the layer near the tropopause may have been a reason for the shift in the ratio.
[36] An upper limit of the e-folding lifetime of SO 2 with respect to OH conversion can be derived for unperturbed air masses at an altitude >1.5 km above the tropopause. Here 0.7 km-bin averages of the (SO 4 2− /(SO 2 + SO 4 2− ) ratios range between 0.73 and 0.82. The ratio inside the densest part of the plume is 0.75 ± 0.12 leading to an e-folding lifetime of 62 days. This value is an upper limit for air masses in the lowermost stratosphere at high latitudes in autumn. The observed conversion ratio compares reasonably well to model simulations by Kristiansen [2009] with an e-folding lifetime of 47 days.
Correlation Analysis
[37] The following discussion is focused on the analysis of the trace gases HCl and HNO 3 together with NO y inside the stratospheric SO 2 -rich plume observed during flight B. Both trace gases are abundant in the stratosphere with strong vertical gradients. Variations in their abundance can be compared to regions without volcanic influence when correlated with ozone. Ozone is produced in similar regions in the middle and upper stratosphere as HNO 3 and HCl therefore downward transport into the lower stratosphere should preserve their relative mixing state if tropospheric sources and chemical or photolytic processes can be neglected [Marcy et al., 2004] . A somewhat conservative criterion of 0.2 ppbv SO 2 has been set to distinguish the air mass massively influenced by volcanic injection from the less perturbed stratospheric air. Only for measurements in the main plume with high SO 2 values a significant trend can be expected.
Correlation of HCl With Ozone
[38] A scatterplot of HCl versus O 3 for flight B with the color code indicating the SO 2 mole fraction above 0.2 ppbv is shown in Figure 11 tions at lower latitudes. The larger slope of our data set may be due to a latitude dependence of the ratio [Marcy et al., 2004] . For plume parcels with SO 2 mole fractions >0.2 ppbv (blue squares), the observed HCl bin average tends to be increased by 0.025 ppbv. This suggests an enhancement of 19% compared to plume parcels with SO 2 mole fractions <0.2 ppbv (black triangles). The errors of the means are not included but they are at maximum 6%. The increase of the HCl mixing ratio of 19% is within the instrumental errors of our measurements with a precision of 20%. However, all HCl bin averages in the plume with SO 2 mole fractions >0.2 ppbv lie above their reference values outside of the plume, which supports our hypothesis. We made sensitivity studies on the threshold for the comparison of plume to nonplume conditions. For an SO 2 threshold of 0.1 ppbv as compared to 0.2 ppbv, the values for the excess HCl (dHCl) are a bit higher with absolute values between 0.026 to 0.033 ppbv and relative values between 21% and 24%. These values would not significantly change the conclusions.
[39] We cannot rule out that the shift in the bin averages may also be caused by an ozone reduction (up to 40 ppbv would be required). Some reduction should result from incomplete mixing of initially O 3 -poor tropospheric plume air with ambient O 3 -rich stratospheric air. With increasing plume age, the O 3 -deficit decreases due to entrainment of ambient O 3 -rich stratospheric air into the plume. A quantification of this O 3 -deficit requires detailed quantitative information on plume dilution, which is not available. It is, at least, also conceivable that O 3 destruction may have occurred in the lower stratosphere. The excess HCl mole fraction of 0.025 ppbv in the Kasatochi main plume represents at least an upper limit and will be our working hypothesis for the following consideration.
[40] An HCl increase may have occurred through direct injection of volcanic HCl into the stratosphere. Alternatively, it may reflect formation of secondary HCl in the stratosphere induced by sulfuric acid through conversion of injected NaCl. Little is known about the amount of NaCl particles injected into the stratosphere. Secondary HCl formation may take weeks and therefore secondary HCl may not be present in substantial amounts in the first days after the eruption but only after several months. An upper limit of particulate chloride in the aged plume can be derived from the AMS data [Schmale et al., 2010 ]. The 30 s detection limit of 0.03 mg m −3 (STP) for particulate chloride corresponds to a mixing ratio of 0.019 ppbv. Temperatures in August to October may not have been low enough to allow for the dissolution of HCl in the already very acidic sulfate particles. For heterogeneous chlorine activation by reactions involving HCl, temperatures below 200 K are required [Keim et al., 1996; Borrmann et al., 1997] . Such low temperatures are usually not met in the midlatitude lower stratosphere between August and October; thus heterogeneous activation with respect to chlorine is unlikely to have played a significant role. In the following consideration we therefore neglect ozone depletion caused by heterogeneous activation of HCl on SAP.
[41] The emission ratio of volcanoes for HCl is variable and different for explosive eruptions [Edmonds et al., 2001 ] still volcanoes are thought not to contribute significantly to the stratospheric chlorine budget [Solomon, 1999] . Hunton et al. [2005] detected a ratio SO 2 /HCl of 14.3 in the lower stratosphere 35 h after an eruption event of Mt Hekla in 2000, suggesting that no significant scavenging of HCl occurred [Rose et al., 2006] . Satellite measurements made by Microwave Limb Sounder (MLS) [Froidevaux et al., 2008] and OMI indicate an SO 2 /HCl molar ratio of 70 after the eruption of Kasatochi, at atmospheric pressure levels of 147 hPa (S. Carn, personal communication, 2009 ). This ratio has been observed 3 days after the main eruptions, when tropospheric removal processes and loss of gaseous HCl have ceased and is larger than the ratio (∼50) observed after the Okmok eruption. The molar ratio of total excess sulfur to excess HCl has been calculated from our data. A ratio between 19 and 26 has been found for the lower stratosphere. This ratio is lower (by a factor of 2 to 3) than satellite observations of HCl and SO 2 in the young eruption plume. The difference may arise from the fact that one layer in the lower stratosphere is compared to a ratio measured at one pressure level. It may also be attributed to secondary HCl formation from injected NaCl, a process of unknown efficiency. Additionally removal of either species due to condensation on and coagulation of sulfate aerosol with ash particles during the first days may have caused a shift in the ratio. However, the satellite measurements as well as our in situ measurements give indications that significant amounts of HCl from Mt. Kasatochi have reached the stratosphere.
Correlation of HNO 3 and NO y With Ozone
[42] Figure 12 shows a scatterplot of HNO 3 versus O 3 . The color code indicates the SO 2 mole fraction. The correlation analysis has been limited to a pure stratospheric branch (O 3 > 150 ppbv) and outside plume conditions (SO 2 < 0.2 ppbv) with a fit HNO 3 = 3.6 × 10 −3 × O 3 + 0.04 (all given in ppbv) (black line). The comparison of the HNO 3 /O 3 ratio to previous measurements in the lower stratosphere is complicated by the fact that latitudes of interest (47°to 54°N) are not covered by polar data from Schneider et al. [1999] and data for latitudes >68°N and <43°N from Popp et al. [2009] . Given an increasing slope of the HNO 3 /O 3 ratio with increasing latitude, our measurements correspond well to previous results [Popp et al., 2009] and extend the detection region for northern mid latitudes. However, this slope is shifted toward a lower value (∼2.9 × 10 −3 , green line) if all data points are fitted, thus illustrating again a profound volcanic influence on the stratospheric inherence of the HNO 3 /O 3 relationship. The molar abundance ratios of HNO 3 /NO y have been calculated ranging from 0.51 to 0.72. They compare well with the ratios previously measured [Schneider et al., 1999; Neuman et al., 2001] . Comparison of air masses with SO 2 > 0.2 ppbv with a ratio of 0.68 and SO 2 < 0.2 ppbv with a ratio of 0.57, an increase of the HNO 3 /NO y ratio of 19% has been observed. For stratospheric air masses (O 3 > 150 ppbv) the bin-averaged HNO 3 (Figure 12 ) have been calculated, divided into air masses inside (SO 2 > 0.2 ppbv, blue squares) and outside of the plume (SO 2 < 0.2 ppbv, black triangles). HNO 3 is elevated by up to 50% for inside plume conditions compared to the background. The increase of the HNO 3 /NO y ratio is within the instrumental errors while the increase of up to 50% in the HNO 3 mixing ratios is statistically significant.
[43] Transport of air masses from higher latitudes might partially explain the HNO 3 increase. Initial injection of HNO 3 by the volcano or lightning induced NO x as discussed by Rose et al. [2006] cannot explain the observed increase in the HNO 3 /O 3 ratio. A measured dSO 2 /dHNO 3 molar ratio of 0.7 for the present measurements would correspond to an initial dSO 2 /dHNO 3 ratio of 3.5, considering that 80% of the SO 2 was converted since the eruption. This is an order of magnitude lower than former measurements with yielded ratios between 15 and 250 [Mather et al., 2004b; Rose et al., 2006] . In addition, an increase of HNO 3 and the HNO 3 /NO y ratio could result from the increased efficiency of NO x conversion to HNO 3 in the aerosol-rich volcanic plume. There are two stratospheric HNO 3 formation processes: (1) reaction of NO 2 with OH; (2) formation of N 2 O 5 followed by N 2 O 5 hydrolysis on H 2 SO 4 -H 2 O aerosols or PSCs. In most conditions process 2 is not very efficient in the stratosphere. However, in a volcanic plume or in polar air masses containing PSCs the efficiency of process 2 may be significantly increased, due to an increased surface area density of H 2 O containing aerosols. Process 2 almost saturates when most N 2 O 5 formed undergoes hydrolysis rather than photolysis or reaction with OH [Arnold et al., 1990] . This is expected for an H 2 SO 4 -H 2 O surface area density larger than about 10 mm 2 cm −3 [Fahey et al., 1993] .
Summary and Conclusions
[44] An airborne ITCIMS instrument has, for the first time, been combined with SF 5 − reagent ions and the combination has been deployed on aircraft. The measurements took place on the research aircraft Falcon during the CONCERT campaign in October 2008, where the ITCIMS measured gaseous SO 2 , HCl, and HNO 3 . Other instruments on the Falcon detected NO, NO y , O 3 , CO, and particulate sulfate. Our airborne trace gas and particle measurements allow for the classification of different air parcel mixing states in the tropopause region using tropospheric and stratospheric tracers. They represent an important contribution for a fundamental understanding of trace gas distributions in the lower stratosphere where only few measurements are available.
[45] On 28 and 31 October 2008, a layer with strongly increased SO 2 (∼factor of 10) and substantially increased HCl (19%) was detected over Europe in the lowermost stratosphere at altitudes between 7000 and 11,600 m most likely originating from the eruption of the Aleutian volcano Kasatochi. For the molar ratio HNO 3 /NO y an upper limit increase of 19% was obtained from our data. Large SAP surface areas as observed after the volcanic eruption can enhance NO x conversion to HNO 3 via N 2 O 5 hydrolysis.
[46] Excess SO 2 (dSO 2 ) reached about 0.45 ppbv and excess HCl (dHCl) reached about 0.025 ppbv in the volcanic plume, implying that SO 2 and HCl have been injected into the stratosphere by the volcano. The e-folding lifetime of SO 2 in the lowermost stratosphere at high latitudes in autumn was derived from the fraction of particulate sulfate to total sulfur (SO 4 2− /(SO 2 + SO 4 2− )). An average value of 0.75 ± 0.12 has been observed in the densest part of the plume. This implies an upper limit of the e-folding SO 2 -lifetime of about 62 days. As the OH concentrations in the volcanic plume at the northern latitude tropopause are only poorly constrained, our measurements represent a new independent approach to estimate the SO 2 lifetime in the lower stratosphere.
